The importance of microglial reactive oxygen species (ROS) signaling in neuroinflammatory processes has been well demonstrated; however, relatively little is known regarding the related mechanisms underlying these processes. Here, we show that ROS-dependent signal pathways that govern microglial phagocytosis are highly dependent upon nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) activation. Specifically, phagocytosis was greatly reduced by both antioxidant and Nox inhibitor treatments in lipopolysaccharide (LPS)-stimulated BV-2 microglia. Additionally, there was a marked reduction in intracellular ROS content. These results suggest that Nox is the main ROS source for LPS-induced microglial phagocytosis. More decisive evidence for the involvement of ROS in phagocytosis was obtained from an examination of phosphatidyl inositol 3-kinase (PI3-K) and p38 mitogen-activated protein kinase (MAPK) signal pathway activation under reduced ROS levels. These two kinases were activated by LPS treatment and inhibited by ROS neutralization and Nox inhibition. We conclude that microglial phagocytosis requires ROS-dependent PI3-K and p38 MAPK activation and that Noxderived ROS functions as an upstream regulator of both PI3-K and p38 MAPK. These findings will provide a fundamental basis for a therapeutic modality in inflammation-mediated neurodiseases.
Microglial cells are the resident immune cell population in the central nervous system (CNS). They are commonly activated in response to variety of neurodegenerative and neuroinflammatory conditions in conjunction with the release of proinflammatory factors, reactive nitrogen species, and reactive oxygen species (ROS). ROS has been characterized as an important secondary messenger and modulator for various mammalian intracellular signaling pathways, [1] [2] [3] including neuroinflammatory processes. 4, 5) Therefore, both ROS generation and its respective neutralizing system may modulate the molecular mechanisms governing microglial function.
Phagocytosis is a representative microglial function for immune surveillance in the CNS. Microglia engulf unnecessary and pathogenic substances, including microbes, pathological proteins, apoptotic cells, and cellular debris, to separate them from normal tissues. During phagocytosis, phagosomes that contain a variety of ROS, including · OH and H 2 O 2 that are derivatives of O 2 Ϫ generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox), actively participate in the modulation of signaling pathways involving microglial phagocytosis. Phosphatidylinositol 3-kinase (PI3-K) and mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK), p38 MAPK, and c-Jun N-terminal kinase (JNK), are the representative ROS-related signal kinases and are activated during Fcg receptor-mediated phagocytosis. 6, 7) Although the kinases are proposed as a regulator of Nox activation pathway, 8, 9) most crucial evidences for involvement of redox signaling cascades in microglial function was obtained from studies for the kinase activation by Nox-derived ROS. 10, 11) Therefore, Nox downstream redox signaling is considered to be a potent modulator of phagocytosis-related pathways in activated microglia. However, Nox-dependent redox signaling pathways for phagocytosis is lagely unknown in microglia.
Lipopolysaccharide (LPS) is a common inflammogen used to activate microglia in several mammalian model systems. LPS stimulation triggers a diverse array of microglial responses such as inflammatory cytokine production and phagocytosis, which further lead to the activation of a variety of signaling cascades in phagocytes that pass through Nox and MAPKs. 11, 12) Accordingly, LPS is a useful stimulant for understanding the relationships between oxidative stress and phagocytosis in neuroinflammation. From the investigations for LPS signaling in phagocytes, reduction of oxidative stress or neutralization of ROS has been suggested as an essential process for reduction of inflammatory damages, 13, 14) including microglia-mediated neuroinflammation. 15) However, relatively little is known about the coupled mechanisms between ROS-dependent signaling pathways and LPS-mediated phagocytosis in microglia.
Here, we demonstrate that ROS is a key modulator of microglial phagocytosis via Nox/PI3-K signal pathways. PI3-K activation was dependent on ROS generated by Nox. Furthermore, the neutralization of ROS ablated Nox/PI3-K-dependent phagocytosis in LPS-stimulated BV-2 microglial cells. These findings provide a potential molecular mechanism for oxidative stress-related neuroinflammation and may be useful in designing therapeutic strategies.
MATERIALS AND METHODS
Chemicals Lipopolysaccharide (LPS, from Escherichia coli serotype 0111:B4) and NAC (N-acetyl-L-cysteine) were obtained from Sigma (St. Louis, MO, U.S.A.). Signaling inhibitors for p38 MAPK (SB203580), MEK (PD98059), JNK (SP600125), PI3-K (LY294002), Nox (apocynin), were from Calbiochem (U.S. and Canada).
Cell Culture BV-2 cells, which are immortalized microglial cells, were propagated in Dulbecco's modified Eagles medium (DMEM; Invitrogen) that contained 10% fetal bovine serum (FBS; HyClone, Logan, UT, U.S.A.) and antibiotics. Exponentially growing BV-2 cells were pretreated with 10 mM of N-acetyl-L-cysteine (NAC) or signal inhibitors, including 0.1-0.5 mg/ml of apocynin, 5 mg/ml of SB203580, 5 mg/ml of SP600125, and 5 mg/ml of PD98059, and followed by 1 mg/ml of LPS. The BV-2 cells were kindly provided by Dr. Jau-Shyong Hong (NIEHS, NC, U.S.A.).
Fluorescent Microscopy for Microglial Phagocytosis BV-2 cells were grown on 0.1% gelatin coated-coverslip and treated with 1 mg/ml of LPS. Alexa 488-conjugated Escherichia coli (Ec-A) BioParticles (Invitrogen) were sonicated, added into the culture medium without serum at the final time of LPS treatment, and incubated in 37°C, 5% CO 2 for 15 min. The cells were washed with Ca 2ϩ and Mg 2ϩ -free PBS (Ϫ) for 3 times and fixed with 2% paraformaldehyde for 30 min. After 2 times washing with PBS (Ϫ), the cells were mounted onto clean glass-slide and observed under fluorescence microscope (Zeiss).
Western Blotting Analysis Thirty micrograms of protein lysates were separated on 12% sodium dodecyl sulfatepolyacrylamide gels and transferred onto nitrocellulose membranes (Millipore, Bedford, MA, U.S.A.). The membranes were primarily blotted with polyclonal rabbit antibodies against pAKT (Santa Cruz), p-p38 MAPK (Santa Cruz) and a-tubulin (Sigma) at 4°C overnight. The membranes were washed five times with 10 mM Tris-HCl (pH 7.5) containing 150 mM NaCl (Tris-buffered saline, TBS) and 0.2% Tween-20, and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Sigma) or anti-mouse IgG (Sigma) for 1 h at room temperature. After the removal of excess antibodies by washing with TBS, specific binding was detected using a chemiluminescence detection system (Amersham, Berkshire, U.K.) according to the manufacturer's instructions.
Flow Cytometry for Phagocytosis Analysis and ROS Determination The microglia phagocytosis was analyzed with flow cytometry according to the method as previously reported. 16) Briefly, Alexa 488-conjugated E. coli (Ec-A) BioParticles (Invitrogen) were sonicated, added into the culture medium without serum at the final time of LPS treatment, and incubated in 37°C, 5% CO 2 for 15 min. After incubation, the cells were washed with PBS for 3 times and suspended the cells with 500 ml of PBS. The internalized fluorescence was immediately determined from 10000 cells by FACScan (BD). For the determination of ROS level in microglia, BV-2 cells were incubated with 10 mM of CM-H 2 DCFDA (Invitrogen), a fluorescence-based ROS indicator, at 37°C for 15 min at the final time of various treatments, and DCF fluorescence intensities were analyzed from 10000 cells by FACScan.
RESULTS

ROS Involvement in LPS-Mediated
Microglial Phagocytosis ROS-dependent phagocytosis has been frequently studied in mammalian phagocytes, whereas microglial cells, especially BV-2 cells, were rarely used in the experiments. Thus, we primarily tried to examine whether LPS-mediated phagocytosis can be modulated by ROS in BV-2 microglial cells. For measument of phagocytosis, Alexa 488-conjugated E. coli (Ec-A) BioParticles were incubated at the end of LPS treatment and analyzed by both fluorescence microscopy and flow cytometry (Fig. 1 ). In the current study, the microglial phagocytosis was efficiently measured from LPS treatment for 24 h (data not shown). Thus, the conditions for phagocytosis analysis were used throughout the experiments. Under a fluorescence microscope, we found that fluorescence of Ec-A BioParticles was internalized in the cytoplasm of BV-2 microglia and detected dominantly in LPS-stimulated microglia (Fig. 1A , right panels) as compared with control cells (Fig.  1A , left and middle panels), indicating LPS-dependent phagocytosis. For flow cytometry of phagocytosis, LPS-stimulated BV-2 cells were incubated with Ec-A BioParticles, trypsinized, and subjected to FACS analysis (Fig. 1B) . The fluorescence intensity for Ec-A BioParticles was increased in BV-2 microglial cells by LPS treatment.
We also investigated whether ROS are involved in microglial phagocytosis. To reduce the intracellular ROS content during microglial activation, BV-2 cells were treated with LPS in the presence of N-acetyl-L-cysteine (NAC), which is a chemical antioxidant (Fig. 1C) . The NAC treatment effectively reduced the ROS level within LPS-stimulated microglia. Under the more reduced condition facilitated by antioxidant treatment, BV-2 cells engulfed fewer fluorescent Ec-A BioParticles as compared with cells treated only with LPS (Fig. 1D) . These results suggest the active involvement of ROS in microglial phagocytosis processes.
Participation of ROS Generated by NADPH Oxidase in Microglial Phagocytosis NADPH oxidase (Nox) has been characterized as the main source of intracellular ROS during microglial activation and is activated in a variety of microglial activation processes. Thus, we investigated whether ROS generated by Nox participates in the modulation of microglial phagocytosis. Apocynin is a well-known Nox inhibitor; treatment with apocynin effectively reduced intracellular ROS levels ( Fig. 2A) in LPS-stimulated BV-2 cells. To further examine the effects of Nox inhibition and the resulting reduced ROS levels on microglial phagocytosis, BV-2 cells were treated with LPS in the presence or absence of either apocynin or NAC and then subjected to flow cytometry to measure the engulfed Ec-A BioParticles. Treatment with apocynin and NAC resulted in a reduction in phagocytosis in LPS-stimulated BV-2 microglia (Figs. 2B, C) . Thus, microglial phagocytosis requires Nox-driven ROS generation.
The Essential Role of PI3-K and p38 MAPK Signal Pathways in Microglial Phagocytosis To examine PI3-K activation during microglial activation, BV-2 cells were BV-2 microglia were stimulated with 1 mg/ml LPS, harvested at the indicated time, and subjected to Western blotting with antiphospho-antibodies for p38, ERK1/2, and JNK. (C) Effects of p38 MAPK and PI3-K inhibitors on LPS-mediated microglial phagocytosis. BV-2 microglia were stimulated with 1 mg/ml LPS in the presence or absence of either 5-10 mg/ml LY294002 or 3-5 mg/ml SB203580 for 24 h, incubated with 10 ng/ml Ec-A BioParticles for 15-30 min, and analyzed by flow cytometry. The histogram is representative of three independent experiments. (D) Quantitative analysis of the effects of signaling inhibitors on LPS-mediated microglial phagocytosis. BV-2 microglia were stimulated with 1 mg/ml LPS in the presence or absence of signaling inhibitors (5-10 mg/ml LY294002, 3-5 mg/ml SB203580, 10 mg/ml SP600125, or 10 mg/ml PD98059) for 24 h and subjected to flow cytometry. The intensity of phagocytosed fluorescent particles was analyzed densitometrically. The results were from three independent experiments ( * pϽ0.5 and * * pϽ0.01).
treated with LPS, harvested, and subjected to Western blotting with anti-phosphorylation antibodies for AKT, p38 MAPK, ERK1/2, and JNK. Phosphorylation of AKT (pAKT) was increased by LPS treatment for 6 h in a timedependent manner. This increase disappeared by 12 h posttreatment in BV-2 cells (Fig. 3A) . Phosphorylations of p38 MAPK, ERK1/2, and JNK were also increased by LPS treatment; the most prominent activation was found between 1 and 3 h after LPS treatment.
To determine the effects of PI3-K and MAPK inhibition on LPS-mediated microglial phagocytosis, BV-2 cells were treated with LPS in the presence or absence of the signaling inhibitors LY294002 for PI3-K, SB203580 for p38 MAPK, SP600125 for ERK1/2, and PD98059 for JNK. The internalization of Ec-A BioParticles was analyzed by flow cytometry. The LPS-mediated internalization of Ec-A Bioparticles was reduced by LY294002 and SB203580 (Figs. 3C, D) , but not by SP600125 or PD98059. The most notable inhibition of phagocytosis was found using LY294002. Thus, phagocytosis in LPS-treated BV-2 cells is mediated largely by the PI3-K signaling pathway and more mildly by the p38 MAPK signaling pathway.
PI3-K and p38 MAPK Act as Downstream Regulators of Activated Nox-Dependent Microglial Phagocytosis
We have demonstrated that Nox, PI3-K, and p38 MAPK are involved in LPS-induced microglial phagocytosis. To determine the specific relationships between Nox-mediated ROS generation and signaling pathways passing through PI3-K and p38 MAPK, BV-2 cells were stimulated by LPS in the presence or absence of either NAC or apocynin and subjected to western blotting with anti-pAKT and p-p38 antibodies. The intensities of immunoreactive bands for pAKT and p-p38 MAPK were greatly reduced by co-treatment with either NAC or apocynin as compared with cells treated with LPS only (Fig. 4) . These results suggest that Nox-driven ROS generation is essential for LPS-mediated microglial phagocytosis via the activation of the PI3-K and p38 MAPK signaling pathways.
DISCUSSION
During microglia activation, a variety of signaling pathways are triggered and actively participate in the modulation of inflammatory processes. 17, 18) With regard to the mechanisms of neuroinflammation, ROS-dependent signal cascades have been characterized, and many researchers have attempted to determine these complex networks for the identification of potential therapeutic targets. We demonstrated that Nox-dependent PI3-K and p38 MAPK activation is essential for LPS-induced phagocytosis in BV-2 microglial cells. Although the importance of PI3-K and p38 MAPK signal pathways in phagocytes is well known, [19] [20] [21] their respective roles in microglial phagocytosis were previously unquantified.
The inhibition of PI3-K and p38 MAPK attenuates Nox activity in phagocytes; for example, p38 MAPK and PI3-K inhibitors interrupt signaling pathways involved in Nox-mediated O 2 Ϫ generation and phagocytosis. 20, 22, 23) However, Noxgenerated ROS modulate a variety of inflammatory signal pathways, including MAPKs.
10) The inhibition of Nox activation ablates microglial activation processes via the blockage of ROS-related signaling pathways, resulting in the inhibition of inflammatory mediator production and phagocytosis. 10, 11, 24) Thus, microglia-mediated inflammatory processes may be highly dependent on the balance between the Nox activation pathway and its downstream signal cascades. Although we did not characterize the effects of PI3-K and p38 MAPK inhibitors on Nox activation, we observed that Nox inhibition resulted in the inactivation of both kinase pathways and phagocytosis. This is the first demonstration that Nox-dependent phagocytosis requires the activation of the PI3-K and p38 MAPK pathways in LPS-stimulated BV-2 microglial cells.
ERK1/2 and JNK are important kinases in microglial redox signaling. 25, 26) Their inhibition results in the modulation of various pathways, including the production of inflammatory mediators. Although bacterial phagocytosis activates ERK1/2 and JNK, as well as p38 MAPK, the most notable inhibition of phagocytosis is obtained with p38 MAPK inhibition. 9) Our results are in accordance with these findings (Fig. 3D) . We also found that the intracellular ROS content was significantly modulated only by treatment with SB203580, and not with SP600125 or PD98059 (data not shown). These data are indicative of the cooperative action of ROS with MAPK signal pathways in BV-2 microglial cells. Therefore, the complex signaling cascades that regulate microglial function are in need of more elaborate inspection. We demonstrated that the PI3-K and p38 MAPK pathways are essential for Nox-dependent microglial phagocytosis. BV-2 cells with reduced ROS levels fail to activate the redoxsignaling pathways governing the phagocytosis process. Our findings are good evidence for why ROS should be controlled to obtain the successful cure or alleviation of neuroinflammatory progression.
